BACKGROUND: Oganotypic hippocampal slices (OHS) are commonly used to screen for neuroprotective effects of pharmacological agents relevant to pediatric brain injury. The importance of donor rat pup age and N-methyl-d-aspartate (NMDA) receptor subunit composition have not been addressed. In this study, we evaluated the age-dependent effect of oxygen-glucose deprivation (OGD) in the developing rat brain and determined whether OGD modulates the NMDA receptor subunit composition. METHODS: OHS were prepared from rat pups on postnatal days (PND) 4, 7, 14, and 21 and cultured 7 days in vitro. The slices were exposed to OGD for durations of 5-60 min. After 24 and 72 h, OHS survival and NMDA subunit composition were assessed. RESULTS: Cell death was evident in OHS prepared from PND 14 and 21 rat pups (P Ͻ 0.001) with OGD durations of 5 and 10 min, respectively. In OHS prepared from PND7 rat pups, neurodegeneration was not evident until 20 min OGD (P Ͻ 0.001). Exposure to OGD in OHS prepared from PND4 and PND7 rat pups was associated with a transition in the NMDA receptor subunit composition from NR2B predominant to NR2A predominant subunit composition. CONCLUSIONS: This in vitro neonatal rat pup investigation using OHS supports both an age and an NMDA receptor subunit composition-dependent relationship between OGD and neuronal cell death.
erotetramers of NMDA receptor 1 (NR1) and one or more of the NR2 subunits: NR2A-D. 1, 2 The functional and pharmacological properties of the NMDA receptor (NR) are determined by its subunit composition, specifically the type of NR2 subunit incorporated. 3, 4 During development, NMDA receptors play a critical role in postsynaptic stabilization in the cortex and hippocampus. 5 Age-dependent changes in the subunit composition in the developing rat brain have been determined using mRNA and NMDA receptor subunitspecific antagonists. NR2B is expressed at birth and through the first 2 wk. NR2A is expressed in the second week and gradually increases, thereafter. Therefore, the NR2A/NR2B ratio increases with maturation. [6] [7] [8] The developmental change in the NMDA receptor subunit composition is associated with a change in receptor properties and thus functionality. 9, 10 For example, different subunits are involved in activitydependent synaptic plasticity e.g., excitatory long-term enhancement and inhibitory long-term depression. [11] [12] [13] In the developing hippocampus, the former is NR2Bdependent and the latter NR2A. Excitatory or inhibitory balances that are developmentally regulated can become unregulated, and thus promote susceptibility to brain injury. 14 -17 NMDA-induced neurotoxicity reflects a calcium imbalance related to the developmental changes in NMDA receptor subunit composition, specifically NR2B. 18, 19 The NR2B predominance early in development is an adaptive response that protects the fetus during hypoxic conditions normally seen in utero. 20, 21 However, the response of the NMDA receptor subunit composition to acute hypoxia has not been demonstrated fully in a developing brain model. 14, 19, [22] [23] [24] [25] [26] Using organotypic hippocampal slices (OHS) prepared from postnatal day (PND) 4, 7, 14, and 21 rat pups, we evaluated the effect of ontogenetic development of the NMDA receptor subunit composition in the response of neural tissue to oxygen-glucose deprivation (OGD). OHS offer a model of intact neural circuits and avoid some of the variables inherent in an in vivo investigation in small rodents. 27, 28 
METHODS

OHS Cultures
All studies were approved by the Duke University and the University of Colorado Health Sciences Center Institutional Animal Care and Use Committees. OHS cultures were prepared according to the methods described by Stoppini et al. 27 with some modification. 28 PND 4, 7, 14 , and 21 Sprague Dawley rat pups (Zivic Laboratories, Pittsburgh, PA) were anesthetized using an intraperitoneal injection of ketamine (10 mg/kg) and diazepam (0.2 mg/kg). The pups were decapitated and the hippocampi were removed and placed in 4°C Gey's Balanced Solution (Sigma-Aldrich, St. Louis, MO) with 100 M adenosine. Using a MX-TS brain slicer (Siskiyou Design Instruments, Grants Pass, OR), the hippocampi were cut transversely (300 m thickness) and transferred to 30-mm diameter membrane inserts (Millicell-CM, Millipore, Bedford, MA). Approximately 3-5 slices were placed on the insert within each well of a six-well culture tray with media where they remained for 7 days. The culture media consisted of 50% Minimal Essential Media (Invitrogen, Carlsbad, CA), 25% Earle's Balanced Salt Solution (Invitrogen, Carlsbad, CA) and 25% Hyclone Heat Inactivated Horse Serum (Perbio, Cell Culture Division, South Logan, UT) with 6.5 mg/mL glucose and 5 mM KCl. The media was exchanged after the second day in culture and twice a week thereafter. OHS were cultivated in a humidified atmosphere at 37°C and 5% CO 2 . No antibiotics or antimitotics were used.
Oxygen and Glucose Deprivation
During OGD, the media in each cell culture well was exchanged for glucose-free Minimal Essential Media (Invitrogen, Carlsbad, CA). 15 Hypoxic gas (5% O 2 and 95% N 2 , 6 L/m) was delivered to a 3 L air-tight chamber, (Billup's Rothenberg, San Diego, CA) housed within a water jacketed incubator, for 30 min. The hypoxic gas was heated and humidified to 37°C (Fisher-Paykel, Laguna Hills, CA). After 30 min the inserts containing OHS were placed in the hypoxic tissue culture wells above the hypoxic/glucose-free media, so as to allow exposure to media on one surface and the gas mixture on the opposing surface. The flow rate of hypoxic gas was decreased and maintained at 700 mL/min for a period of 5-60 min, determined by random assignment. Oxygen and CO 2 concentrations were continuously monitored via a sampling port connected to a medical gas analyzer (Datex Instruments Corporation, Tewksbury, MA). The pH of the media before and after exposure was 7.4 Ϯ 0.4. After exposure to OGD, the slices with inserts were removed and returned to their glucose-containing normoxic media and maintained in the incubator for 3 days and then imaged for cell death at 24 and 72 h.
Evaluation of Cell Death
Sytox (Molecular Probes, Eugene, OR) is a high affinity nucleic acid stain specific for neurons with compromised plasma membranes and does not penetrate live neurons. 28, 29 At 24 h after OGD, the media was exchanged with media containing 5 M Sytox®. The OHS with Sytox were imaged using a Leica inverted microscope (2.5ϫ) (Wetzlar, Germany) and fluorescent digital images were taken using a Cool-Snap digital camera (Image Processing Solutions, North Reading, MA). The variables for imaging were standardized for each OHS. Both light and fluorescent microscopic images were made simultaneously for each slice to confirm region identification.
Images were obtained 24 and 72 h post-OGD and stored for later analysis. Using MCID software (Imaging Research, St. Catherines, Ontario), CA1, CA2, CA3, and dentate gyrus were manually outlined on the images obtained by light microscopy of each OHS. These outlines were then superimposed on the fluorescent images of the corresponding OHS. Excitation wavelength was 490 nm and emission was 590 nm. The fluorescence (relative units) was then measured for each hippocampal region. OHS with intense fluorescence in hippocampal CA2 in baseline (control) or OGD groups were excluded from analysis. These represented nonviable slices, which constituted approximately 5%-10% of the OHS population. Analysis of the images was performed by an investigator blinded to group assignment and after completion of each experiment for consistency in measurement.
NMDA Receptor Subunit Composition
To determine baseline values, OHS were maintained in culture for 7 days after which time the slices were freshly frozen without further treatment in liquid nitrogen and stored at Ϫ80°C until further processing.
To assess effects of OGD, OHS were maintained in culture for 7 days and exposed to OGD as described above for 10 or 30 min. The slices were then returned to their original media and 24 h later the slices were frozen in liquid nitrogen and stored at Ϫ80°C until further processing.
Protein Preparations and Western Blot Analysis
Protein from hippocampal slices was homogenized with PowerGen Tissue homogenizer (Fisher Scientific, Pittsburgh, PA) in buffer containing 50 mM Tris-HCl, pH 7.4, 1% SDS, 2 mM EDTA, and one Complete Protease Inhibitor Cocktail Tablet (Roche Diagnostics, Chicago, IL), briefly boiled, and centrifuged at 13,000g for 30 m. Supernatants were aliquoted and stored at Ϫ80°C. Protein concentration was determined using the bicinchoninic (Smith) protein assay (Peirce, Rockford, IL).
Western blot analyses were performed on protein extracts. Protein was loaded at a concentration of 50 g sample/lane using Invitrogen (Carlsbad, CA) Nu-Page™ 4%-12% Bis-Tris prepoured gel. The protein was then transferred to polyvinylidene difluouride membranes (Immobilon™-P Transfer Membrane, Millipore, Bedford, MA) briefly soaked in methanol. Protein transfer was performed using the semidry immunoblot method (Owl Model HEP-1 Panther Semi-Dry Electroblotter-#HEP-3). Membranes were blocked with 5% Milk PBS-tween, followed by overnight incubation with primary antibodies (anti-NMDA receptor, subunit 2A rabbit IgG Fraction; 1:200, anti-NMDA receptor, subunit 2B rabbit IgG Fraction; 1:200, Molecular Probes, Eugene, OR). After PBS-tween washes, membranes were incubated with horseradish peroxidase conjugated secondary antibodies and bands were visualized using SuperSignal® West Dura Extended Duration Substrate (Pierce Biotechnology, Rockford, IL). Imaging was performed using a UVP BioChem Imaging System and densitometry was performed using LabWorks 4.0 software. The protein loading internal control was ß-Actin Clone A-15, (Sigma, St. Louis, MO). Data are expressed as a ratio of the NMDA subunits to ß-Actin.
Statistics
Experiments for neurodegeneration and NMDA receptor subunit composition were not performed concurrently and therefore were analyzed separately. Within each experiment, fluorescence intensity was compared initially with two-way analysis of variance (PND ϫ duration of hypoxia exposure) and multivariate analysis (PND ϫ duration of hypoxia exposure ϫ DIV). Each hippocampal region (CA1, CA3, and dentate gyrus) was analyzed independently. Approximately 15 OHS were used for each experimental condition. The critical exposure duration for each PND was defined as the shortest OGD duration at which statistically different optical densities were observed as compared with age-matched controls. OHS with 100% neuronal cell death in CA2 were excluded from the analysis. When indicated by a significant F ratio, post hoc testing was performed using Scheffe's test. Significance was assumed when P Յ 0.05.
RESULTS
Neuronal Cell Death
Comparison to Control Group by Region and Duration
In CA1, critical exposure duration for neurodegeneration was 5 min OGD in PND21 (P ϭ 0.005), 10 min OGD in PND14 OHS (P ϭ 0.004) 20 min OGD in PND7 OHS (P ϭ 0.04), and 45 min OGD in PND4 OHS (P Ͻ 0.0001) (Fig. 1) . In CA3, critical exposure duration was 5 min in PND21 (P ϭ 0.008), 10 min in PND14 (0.019), 20 min in PND7 (P ϭ 0.04) and 45 min PND4 OHS (P ϭ Ͻ0.001) (Fig. 1 ). In the dentate gyrus, there were no observed differences except in the 45 min PND4 OHS (P Ͻ 0.001). The 24 and 48 h observations were not statistically different regardless of region evaluated.
Comparison to PND4 by Age and Duration
When compared with PND4 OHS significant differences in the ischemic duration and the resultant cell death were noted in all groups, 10 min PND21 (P ϭ 0.0145), 20 min PND14 (P ϭ 0.03), and 30 min PND7 OHS (P ϭ 0.04) (Fig. 2 ). This effect on neuronal cell death was independent of the region and the time of observation.
Baseline NMDA Receptor Subunit Composition
In OHS, in the absence of OGD, baseline NMDA receptor subunit composition changed as a function of postnatal age. In OHS the ratio of NR2B to NR2A receptor subunit composition was NR2B-predominant in PND4 and PND7 OHS but transitioned to a NR2A-predominant subunit composition by PND14 ( Fig. 3) . Neuronal cell death in hippocampal CA1 (upper graph) and CA3 (lower graph) at 24 h postoxygen-glucose deprivation (OGD) in PND4 organotypic hippocampal slices (OHS) exposed to 10, 30, 45, or 60 min OGD compared with PND-matched controls. Neuronal death increased with OGD duration. Forty-five minutes reflects the critical exposure duration to produce neuronal cell death that is statistically different than that observed in control OHS. (B) Neuronal cell death in CA1 (upper graph) and CA3 (lower graph) at 24 h post-OGD in PND21 OHS exposed to 5, 10, or 20 min OGD compared with PND-matched controls. Neuronal death increased with OGD duration. In both (A) and (B) statistical significance was absent between cell death in CA1 as opposed to CA3. Data are displayed as fluorescence 
Change in NMDA Receptor Subunit Composition in Response to OGD
To compare all postnatal age groups, both 10 and 30 min OGD were evaluated. These OGD durations were selected based on the critical exposure durations of each PND group, spanning 5 min for PND21 and to 45 min for PND4. Exposure to OGD for 10 or 30 min decreased the NR2B subunit composition in PND 4 and PND7 OHS and reversed the NR2B to NR2A predominance in PND4 and PND7 OHS that was observed in control (no OGD) OHS (Fig. 4) .
DISCUSSION
This study demonstrates that OGD-induced neuronal death is dependent on the exposure duration of OGD and the age of rat pup used for OHS preparation. As shown in our work and other neonatal rat models, 18,30 -33 in the absence of OGD, PND7 is the stage in rat development when a transition from NR2B to NR2A receptor subunit composition occurs. We also show that the NMDA receptor subunit composition changes in PND 4 and PND7 OHS to a NR2A predominance after OGD instead of the NR2B predominance seen in control PND 4 and 7 OHS (no OGD). When evaluating cell death 24 and 48 h after OGD in both the CA1 and CA3 regions of the hippocampus, we found that the PND 14 and 21 slices were similar for the OGD duration required to cause significant injury (10 and 5 min, respectively). In OHS derived from younger rat brains (PND 4 and 7), OHS cell death was evident only after longer durations (45 and 30 min, respectively).
It is important to note that the observations made by our investigation are specific to the hippocampus. In human preterm infants developing white matter is vulnerable to hypoxic-ischemic injury. The vulnerability of gray matter, cortex, and basal ganglia increases toward term in the early postnatal period. 34 Thus, responses may be different in other brain regions. 9 Synaptogenesis peaks in at PND7 in the rat brain. 30, 35 Ontogenetically, this corresponds to 32-36 wk gestation in humans and may extend throughout the brain growth spurt (6 mo to 2-yr-of-age). 36, 37 Using mRNA, expression of the NMDA receptor subunit composition in the hippocampus has been determined to be a function of composition NR2A as compared with NR2B in organotypic hippocampal slices (OHS) prepared from rat pups at postnatal day (PND) 4, 7, 14, and 21 DIV7 in the absence of oxygen-glucose deprivation. An age-related change in N-methyl-d-aspartate (NMDA) subunit composition was observed. NR2B (stippled) NR2A (solid) data expressed in densitometry units, mean Ϯ sd as a ratio to ␤-actin. PND 4 OHS showed a predominance of NR2B. PND7 OHS showed NR2B predominance with more NR2A than PND4. PND14 and PND21 OHS showed a change to NR2A predominance. Data demonstrate protein pooled from approximately 50 OHS for each PND. For each NMDA receptor subunit composition, 2-3 Western blot analyses were performed. Analysis was normalized to tissue ␤-actin. postnatal age in humans. 36 The pattern of NMDA receptor subunit composition development in the human hippocampus parallels that seen in the rodent. 36 We did not evaluate region-specific differences in NMDA subunit composition, but this has been described in rodents. 38 The responsiveness to NMDA-induced neuronal death as a result of duration in culture in OHS has been described. 39 The responsiveness to NMDAinduced cell death in OHS of the same postnatal age cultured for 1 and 2 wk differed from those cultured for 3 wk. This difference was not a function of NR2A and 2B subunit composition but the responsiveness of the receptor to NMDA. This investigation further demonstrated that OHS from PND6 pups, regardless of culture duration, did not differ in the NR2A or NR2B subunit composition. Thus, the ratio of the NR2A and NR2B subunit composition was preserved regardless of culturing conditions. However, the NR1 receptor increased after 3 wk in culture. As determined by western blot analysis, we have shown the preservation of the NR2A to NR2B ratio in our OHS prepared from rat pups of differing postnatal age.
Changes in NMDA receptor subunit expression in response to hypoxia-ischemia in a neonatal piglet model have been reported. 25 NR2B levels were increased at 24 h posthypoxia-ischemia. Thus, differences in our investigation could relate to difference in species, region evaluated (forebrain versus hippocampus), 40 mechanism of insult, or postnatal age. Indeed, investigation in younger aged piglets found no change in the receptor subunit composition in response to 1 h of hypoxia. 24 Like the rat model, the distribution of NR2A and 2B receptor subunits in neonatal piglets is greatest in the forebrain and hippocampus. 24, 33, 40, 41 Regardless, our investigation in a rat model demonstrates a postnatal age-related and OGD duration-dependent change in NMDA receptor subunit composition.
Although NMDA receptor density increases with increasing postnatal age and NMDA receptor density decreases with acute hypoxia, 24, 32 we normalized our results to the total ␤-actin in the sample, thus eliminating receptor density (protein) as a variable with postnatal age. It is important to note that, because of this normalization of our data to ␤-actin, the amount of NR2A is less in control PND14 and PND21 OHS as compared with control PND4 and 7 OHS. However, the ratio of NR2B to NR2A is the focus of our investigation, as detailed by the responses of the NMDA receptor subunit composition to acute hypoxia. By normalizing to ␤-actin we can further account for the total protein differences as an effect of OHS slice size which increases with increasing postnatal age. Our protein analysis did not define regional differences in CA1 as opposed to CA3 in terms of relative subunit composition. 25 Tissue from those regions were pooled to provide sufficient sample for analysis.
Indeed, the NMDA receptor subtype expressed varies with development. NR1 is necessary for receptor function. 7,33,41 NR1, though initially paired with NR2B or NR2D early in life, becomes paired with NR2A or NR2C later. This transition parallels the decrease in hypoxia tolerance with increasing postnatal age. Transition in NMDA receptor subunit composition occurs at PND7 in rat pups with completion at PND14. 6, 7, 41 We have demonstrated the preservation of this transition in NR2B to NR2A receptor subunit composition in our OHS. Thus, the tolerance to hypoxia as a function of postnatal age is not unique to our investigation. However, our investigation is the first to confirm this preservation of NR2A to NR2B ratio in rat OHS of differing postnatal age using protein as opposed to mRNA analysis. 18, 31, 32, 36 In summary, using an OHS model, we demonstrated an age-related change in the NMDA receptor subunit composition at baseline that parallels that seen in vivo in rodents and in humans. Age-dependent NMDA receptor subunit composition is altered by acute exposure to OGD. As a result, when using OHS to investigate NMDA Figure 4 . Western blot analysis of N-methyl-daspartate (NMDA) receptor subunit composition NR2B and NR2A in organotypic hippocampal slices (OHS) prepared from rat pups at postnatal day (PND) 4, 7, 14, and 21 exposed to oxygen-glucose deprivation (OGD) for 10 or 30 min. Data shows a change in NMDA subunit composition with respect to age and OGD. NR2B (stippled) and NR2A (solid) data are expressed in densitometry units, mean Ϯ sd, as a ratio to ␤-actin. There is a receptor subunit change in response to 10 and 30 min of OGD. In PND4 and 7 OHS, the NR2B to NR2A predominance is reversed from that observed in controls not exposed to OGD (Fig. 3 ).
Vol. 109, No. 1, July 2009 receptor responses to hypoxia, the stage of ontogenetic development in tissue used for analysis can be expected to have an influence on results obtained. An understanding of developmental differences and the affect of acute hypoxia on the NMDA subunit composition in the model being used may help us better understand the neurotoxic/ neuroprotective effect of a pharmacological agent in the presence of hypoxic-ischemic injury.
